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In his Presidential Address at the opening of the International
Physiological Congress in Boston, Krogh stated that nature has
indeed cared for the interests of scientists, and in a number of cases
has created such experimental material and such types of organisms
as are especially suited to the study of one or another specific bio-
logical problem.
One might say that nature has gone even further. Among her
remarkable creations there are such specimens as have been created
not only for the solution of one or another specific biological process,
but also for the study of the chemical laws ofliving matter. Muscle
must be ranked as the foremost of these.
It is no exaggeration to say that all our understanding of the
fundamental biochemical processes which find their basis in the
physiological activity of any structure or organ has been wholly based
on the results obtained in the study of the chemical dynamics of the
muscle. In the study of the chemistry of any specialized structure
or organ-whether it be nerve cell, developing embryo, malignant
growth, endocrine gland, or young growing bone-the investigator
invariably starts from those concepts formed in the study of muscle
structure. It is these concepts that form that common basis which
makes possible an understanding of the specific characteristics and
peculiarities of the chemical dynamics of one or another biological
specimen.
The broad general significance of the specific and individual
phenomena which are revealed in the study of the biochemistry of
muscle leads us to present here some results obtained recently in
our work on the enzymology of muscle tissue. The study of the
enzymic properties of muscle proteins has led us, on the one hand,
to the question of the relation between the chemistry and mechanics
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of musdes, and, on the other hand, to some general condusions
regarding the catalytic functions of the proteins of protoplasm, i.e.,
those which we call "living proteins."
Among the substances whose transformation lies at the basis of
the most important metabolic processes of the muscle is adenosine-
triphosphoric acid. This is a most important specific compound,
regarded by most investigators as being directly related to the physi-
ological function of the muscle and its contraction and relaxation.
This substance fulfills two functions of primary importance in
the energetics of the muscle. On the one hand it acts as a co-fer-
N%2 ment in the decompo-
I sition ofcarbohydrates.
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ecule for subsequent decomposition reactions which are the source
ofenergy in musde activity. On the other hand, adenosine-triphos-
phoric acid is capable of hydrolytic decomposition with the splitting
off of mineral phosphoric acid. We shall chiefly concern ourselves
with this latter aspect.
This reaction is strongly exothermic, yielding as much energy
per molecule of decomposed adenosine-triphosphoric acid as was
previously computed for the reaction of greatest importance for
musde processes-the decomposition of the sugar molecule to lactic
acid.
The majority of contemporary investigators visualize the decom-
position reaction of adenosine-triphosphoric acid to be that primary
exothermic process which serves as the immediate source of energy
for muscle contraction. The enzyme called adenosine-triphos-
phatase, which causes thisdecomposition reaction and which furnishes
the chemical basis of the musde mechanism, is clearly of great
interest.
Itis strange that this enzyme has been almost completelyignored
in contemporary biochemistry and has remained entirely uninvesti-
gated from the enzymatic point of view. Considering the impor-
tance ofthis enzyme andthe vital part it plays in muscle metabolism,
wel3 undertook a more detailed investigation, which gave results of
broader and more widespread significance than at first expected.
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In our attempts to isolate adenosine-triphosphatase we found it
invariably associated with that fraction of the muscle tissue proteins
which is considered to be the contractile component of the muscle
proteins, that is, myosin.
We give here a brief account of the characteristics of this remark-
able protein.
Myosin is a protein the molecules of which show a well-defined
elongation. The changes in the internal structural configuration of
these molecules, in the sense of their contraction or expansion as
shown schematically in the formulas presented below, are the cause
of the contraction and relaxation of the muscle fiber.
Changes in the mechanical state of the muscle are the result of
changes in the mechanical properties of the molecules and micelles
of the myosin. The chief problem of the biochemistry and physi-
ology of muscle is the question of what chemical stimulus brings
about molecular changes in
the myosin and results in
changes in its mechanical state. ,cO- - - - N / - K
In comparison with other Bi'cm oc
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narily labile. When extracted 0' I
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alkali. As Edsall3' 1 has mc' 1 ,co
shown, the first sign of the %,R §
decomposition of the myosin
is the loss of one of its characteristic optical properties-stream
anisotropy.
As already pointed out, the enzyme adenosine-triphosphatase
was invariably found in the myosin fraction. All attempts at isola-
tion of the adenosine-triphosphatase activity from the myosin by
physical means were unsuccessful. For some proteins and enzymes
we may effect a separation by means of crystallization. For myosin
this is impossible. The customary method ofisolating and purifying
myosin physically is to allow it to precipitate by lowering the con-
centration of salts, carefully acidifying it, and salting it out. All
these steps were investigated with the one invariable result: in all
cases the adenosine-triphosphatase activity accompanied the myosin.
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Methods for determining the identity of preparations by means of
fractionation of the solution in the presence of excess of the undis-
solved phase, as proposed by S0rensen and widely used by Northrop
in his studies of protein enzymes, were difficult to apply to myosin
on account of its being extremely hydrophylic. In so far as this
method could be successfully used it gave no indication of any lack
of identity in our compounds. We therefore came to the conclu-
sion that the adenosine-triphosphatase activity cannot be separated
from myosin by physical means.
Not only in its physical relation, but also in all its other proper-
ties, adenosine-triphosphatase exhibits such a complete similarity to
myosin as can hardly be considered accidental. Just as myosin stands
out from all other proteins by its extreme instability, so adenosine-
triphosphatase exhibits extreme instability and is thus distinct from
the vast majority of other enzymes. The adenosine-triphosphatase
activity of specimens of myosin disappears under precisely the same
conditions as favor the beginning of the decomposition of myosin,
as manifested in the loss of its optical characteristics (anisotropy of
flow). Weak acidification to pH 4 causes the decomposition of
myosin and the loss of the enzymatic activity. The same occurs
when solutions are exposed to a slightly elevated temperature (about
400). It is known that urea promotes disaggregation of the myosin
molecules, with a loss of optical activity. It was found that
adenosine-triphosphatase activity also disappears under the action
of urea.
It might seem that the results of these purely preparative experi-
ments are insufficient evidence to establish the identity of myosin and
adenosine-triphosphatase. The same might be said about the corre-
spondence of the properties of myosin and adenosine-triphosphatase.
Nevertheless, the complete agreement of the results obtained along
these entirely independent lines of investigation, and the complete
lack of data not in agreement with these results, give us the right
to maintain that myosin itself, the contractile constituent of the
muscle, is the bearer of the properties of adenosine-triphosphatase.
We therefore come to the conclusion that the protein, which is the
contractile constituent of the muscle, is at the same time the catalytic
agent which promotes that chemical reaction which provides the
direct source of energy for muscle activity. Myosin is not only the
passive substrate, but is also the active promoter of muscle dynamics.
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As a result of the elongated, rod-like or even thread-like, struc-
ture of its molecule, myosin has one extraordinary property. As
Weber2" showed, solutions of myosin injected into water form fibers
of considerable strength. These fibers reproduce in great detail the
optical properties and molecular structure of the contractile substance
of the muscle fibril. They exhibit the double refraction character-
istic for the contractile components of the muscle, and they give the
typical X-ray diagram of muscle fibers.
It was found that myosin in such fiber form also preserves its
enzymic properties-those of adenosine-triphosphatase. We chose
myosin threads for the investigation of the relationship between the
chemical processes and the mechanical phenomena of muscle. These
experiments were the natural outcome and development of results
obtained4 during the study of the enzymatic properties of myosin.
As mentioned above, the activities of muscles, their contraction
and relaxation, are the result of changes in the molecular or micellar
state of the myosin, caused by chemical agents which appear or dis-
appear in muscle metabolism.
Accordingly, three problems confront muscle physiology and
biochemistry. The first is to determine the molecular structure of
the contractile component of the muscle. The second is to study
as fully as possible the metabolic processes of the muscle and the
compounds appearing and disappearing therein. The third is to
establish what substances act (and in what manner) upon the
molecular structure of the contractile material, changing its mechan-
ical state and thus producing contraction and relaxation.
The first of these problems-the determination of molecular
structure-is solved by structural X-ray analysis. Most important
for this investigation is the fact that in the myosin thread we have a
complete model of the molecular structure of the muscle fiber. As
Weber,20 one of the greatest authorities in this field and to whom
we are especially indebted for the study of the physics of muscle
proteins and particularly of myosin, says: "the X-ray diagram of
the myosin thread is the X-ray diagram of the muscle fiber."
The second problem-the study of muscle metabolism-has
during the past twenty years been most extensively investigated.
These studies have led to greater depth and precision in our under-
standing of the chemical processes occurring in the muscle and of the
various substances which take part in these processes.
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The third problem-the determination of the relation between
the chemistry and the mechanical properties of the contractile com-
ponent of the muscle-has remained completely untouched. We
wished to determine whether the myosin thread, being a complete
model of the molecular structure of the muscle fibril, could not be
used as a mechanochemical model.
For the investigation of the mechanical properties of myosin
threads the apparatus shown in Fig. 1 was used.
The apparatus consists of a torsion balance, to the lever of which
the myosin thread is attached. When a load is applied to the thread
a change in the bal-
ance reading results.
Thechangeinlength
is measured by a
lightbeam reflected
on a scale, calibrated
in millimeters, by
means of a mirror ~~~44y~~~~~~~attached to the bal-
ance lever. The ex-
tensibility of the
thread serves as an
index of its mechan-
ical properties. In-
vestigating in this
way the effect of
FIG. 1. Arrangement of apparatus for testing the various substances
mechanical properties of myosin threads. on the mechanical
properties of the
myosin thread, we discovered a phenomenon that is doubtless of the
greatest interest.
Study of a number of compounds which might play a part in
muscle metabolism showed that they produced no noticeable effect
upon the properties of myosin threads. But one substance-thus
far the only one ofall those investigated-produced a marked effect,
increasitg the extensibility of the myosin threads by from one and
one-half to two times. This substance was adenosine-triphosphoric
acid.
The effect of adenosine-triphosphoric acid is graphically pre-
sented in Fig. 2.
26PROPERTIES OF MUSCLE PROTEINS
Only threads which are relatively fresh have the ability to
respond, by changes in extensibility, to the action of adenosine-
triphosphoric acid. Threads which have been kept for several days
mayretain theirnormalextensibility without any markedchange, but
their response to the action ofadenosine-triphosphoric acid gradually
disappears. As a rule this occurs simultaneously with the loss ofthe
enzymatic properties of the fiber.
We found that the adenosine-triphosphatase properties of myosin
are completely destroyed by silver salts in extremely small concen-
trations-of the order of 1: 100,000 molar. In the presence of or
after preliminary treatment with silver the myosin threads lose
their ability to change their mechanical properties under the action of
ATP
.30 ATP
KCI KCI AOP MCI Ad KCI P03 KCI KCI A9 ATP
IzLIfiWKN XIN0IILLL
FIG. 2. Load constant, - 200 mg. ATP = adenosine-triphosphoric acid;
ADP = adenosine-diphosphoric acid; Ad = adenylic acid; P03." = phosphate
solution; Ag = AgNO3.
adenosine-triphosphoric acid. We found the action of silver to be
specific: the silver in no way affects the normal extensibility of the
myosin threads, but only eliminates the possibility of evoking an
additional extensibility by the action of adenosine-triphosphate.
Thermal treatment of the threads that destroys their enzymatic
properties also eliminates the effects of adenosine-triphosphoric acid.
However, Weber has shown that in this case the normal extensibility
of the threads is slightly changed. The general impression (more
detailed evidence is required for definite proof) is that myosin
threads retain their ability to change their mechanical properties
under the action of adenosine-triphosphoric acid only so long as their
enzymatic properties remain intact. The evidence at present is
insufficient to conclude that there is a causal relationship between
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these two properties, although this conclusion might seem very
tempting. It might be more cautious at present to regard the
enzymatic properties as criteria of the native or "para-native" state
of the myosin. We consider the loss of enzymatic properties as a
sign of the beginning of the decomposition of the myosin. The loss
of the ability to respond to the action of adenosine-triphosphoric
acid with a change in mechanical properties must also be regarded
as a symptom of the beginning of the decomposition of the myosin.
We must emphasize that adenosine-triphosphoric acid affects the
myosin thread not in the sense of contraction but of relaxation.
However, this fact does not detract from the significance of the
results for the problem of muscle activity. Muscle activity consists
of two phases which are mutuallyinseparable: contraction and relaxa-
tion. The view that muscle contraction is a purely physical process
similar to the discharge of a condenser is supported by much data
and by many reliable investigators. The whole of the chemical
energy is expended in the process of relaxation-the charging of the
condenser-in order tobring the muscle into such a state as to enable
it to contract.
Direct uncritical observation has drawn attention to the phase of
contraction, and has left thephase ofrelaxation unobserved. It has,
therefore, been customary to speak only of musde contraction. Sys-
tematically this is undoubtedly erroneous; a correctly planned
investigation must devote its attention equally to both phases of
muscle activity, which together act in indivisible unison. The dis-
covery of the factors responsible for muscle relaxation, that is, the
stretching of the contractile elements of the muscle, is just as impor-
tant as is the discovery of the causes of contraction.
Summarizing the above one may say that the postulate forming
the basis of all contemporary theories on the physiological activity of
muscles supposes that muscle function depends on the interaction
between the contractile substance (myosin) and the chemical com-
pounds which are the substrate or the products of musde metabolism.
Although this postulate is accepted by all, it has never yet been
proved.
Experiments of this type were performed, but they either were
of a speculative nature or were unsuccessful. As an example we
may cite the hypothesis proposed by M. Fischer, and later many
times repeated, that changes in the state of muscle proteins are caused
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by changes in the hydrogen ion concentration. This view is reflected
in the theory of Embden and his school of workers. Direct experi-
ments to confirm these theories were not mentioned by the authors.
It is necessary to emphasize that in our experiments, contrary to our
own expectations, we were unable to find any characteristic changes
in the mechanical properties of the myosin threads within the limits
ofpH 5.0 to 7.5, i.e., within the physiological zone. Outside of this
zone, the threads disintegrate, tear, and break.
In another recent investigation, Weber22 attempted to discover
the effect, on the solubility of myosin, of a number of active sub-
stances occurring in muscle metabolism. Weber used substances
such as adenyl derivatives, creatine, etc., which were also investigated
by us, but he could not disclose any influence on solubility.
There is reason to believe that the data presented above, demon-
strating, on the one hand, the reaction of the contractile component
of the muscle (myosin) with adenosine-triphosphoric acid, which is
one of the chief substances playing a part in the energetics of the
muscle, and, on the other hand, the change in the mechanical prop-
erties of myosin under the influence of this very substance, offer the
first case of direct demonstration of the mutual interaction between
the bearer of the mechanical properties of the muscle and the bearer
of the chemical energy of the muscle. This is the first demonstra-
tion of the relation between the mechanics and the chemistry of
muscle.
We therefore regard three aspects of myosin as being of funda-
mental importance.
1. Myosin is the bearer of the contractile, mechanical properties
of muscle.
2. Myosin is the bearer of catalytic properties, i.e., the promoter
of chemical reactions.
3. Myosin takes the form of a chemical transformer which con-
verts chemical energy into mechanical action.
It has been the dream and goal of those working in the field of
the physiology and biochemistry of muscle to discover the relation
between the chemical processes occurring in the muscle and the
changes in the state of its contractile substance-myosin. This
dream remained beyond experimental realization. We believe that
the experiments described are the first step toward the realization of
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this dream and its formulation in concrete form. It is dear that this
is but a small and modest step, but satisfaction may be derived from
the fact that it has been possible to find the way which may lead to
further effort.
The results obtained indicate the direction in which we may
expect further interesting developments and more detailed inves-
tigations.
The first question is the investigation of as many substances as
possible which participate in the chemical dynamics of muscle. One
might think of intermediate compounds, such as acetylcholine,
although one might suppose a priori that they function in other
regions ofmuscledynamics; in ourexperiments acetylcholine showed
no effects. It would be interesting to investigate various enzyme
systems and their substrates, more particularly those effecting oxida-
tions. Parallel with the investigation of factors causing the relaxa-
tion of the musde, there should be a vigorous search for the agents
of contraction. Perhaps it will be possible to reproduce the action
of such typical poisons as caffeine, veratrine, etc., which cause
contraction.
Of particular interest would be the study of the refractive prop-
erties of myosin threads subjected to certain reactions, since these
reflect changes in the micellar structure of the thread. X-ray dia-
grams of the threads under the influence of "active" substances will
doubtless be of interest. One might expect to find changes in the
periodicity in the presence of substances changing the mechanical
properties of myosin threads.
It is difficult to enumerate all the paths along which further
investigations could develop. The significance of the experiments
here presented does not rest upon the modest results obtained at
present, but in the opening of a new perspective and approach to the
study of what might be called the mechanochiemistry of the muscle.
In addition to myosin, we' subjected another characteristic
muscle protein-myogen-to investigation. As Weber has stated,
"muscle is basically composed of myosin and myogen." If myosin
is the contractile component of the muscle and the structural basis
ofthe fibril, then myogen makes up the main bulk of the liquid por-
tion ofthe muscle tissue, the sarcoplasm. Myosin and myogen make
up respectively 40 and 20 per cent of the total protein content of the
muscle.
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Myogen presented a particularly tempting subject for investi-
gation, since Baranowski has succeeded in obtaining it in crystalline
form. We undertook to ascertain whether the crystalline myogen
of Baranowski is or is not endowed with enzymatic properties.
In this case our path of investigation was the reverse of that used
in the case of myosin. In our experiments with myosin we started
from a specific enzyme, adenosine-triphosphatase, and concluded that
it was identical with one of the muscle proteins, myosin. With
regard to myogen, we began with the examination of one of the
muscle proteins and also came tothe conclusion that it had enzymatic
properties.
Analysis of the crystalline preparations of myogen showed that
these crystals possess a high enzyme activity. The crystals are the
centers of the activity of aldolase, one of the important enzymes of
carbohydrate metabolism. This enzyme causes the splitting of the
six-carbon chain of glucose (in the form of its phosphate ether) into
two three-carbon molecules which serve as the origin of lactic acid,
the final product of the decomposition (anaerobic) of the musde
carbohydrates.
This enzyme action was retained after recrystallization for as
many as four times. Thus, once again, it was found that a protein
easily obtainable from the muscle in considerable quantity and in a
high degree of purity and which is one of the basic proteins of the
muscle plasma is a bearer of enzymatic properties.
In the light of these results obtained with the two most impor-
tant proteins of muscle tissue, it is appropriate to consider some of
the general problems connecting enzymology with the biological
functions of proteins.
The concept that enzymes are substances present in the cell in
minute, almost indeterminable quantities has been commonly
accepted. The affirmation that a protein which represents a large
and sometimes veryconsiderable part ofthe cell protoplasm possesses
fermentative properties, sounds somewhat unusual and, to many
people, improbable.
It is certainly useful to subject some of our most firmly estab-
lished views and concepts to periodic, critical review. To accept
them dogmatically only slows up our scientific progress and hinders
our penetration into new fields of knowledge. It is sufficient to
quote a single example. When, fifteen years ago, it was reported
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that enzymes could be obtained in crystalline form, and, indeed, in
large quantities, it was regarded with skepticism by all of the most
prominent enzymologists of the time. However, in less than one
and one-half decades, there occurred a radical change in our point
of view: it is no exaggeration to say that the entire study of enzymes,
as chemical entities, is at present being developed entirely on the
basis of their preparation in crystalline form.
It may be pertinent at the present time to ask how well founded
is our concept of enzymes as substances present in minute, barely
detectable quantities in the cell. Related to this is another question,
namely, whether we are correct in assuming that the protein which
constitutes the main bulk of living protoplasm is chiefly merely a
colloidal chemical-one which is admittedly very motile but never-
theless a rather passive substance-which, composing the substrate,
responds to one or another biochemical reaction or whether it is not
the active force which initiates reactions. There is evidence that a
review of these two generally accepted concepts is timely, well-
founded, and necessary.
As a result ofthe work on the preparation of crystalline enzymes,
the fact that they are substances of a protein nature has become
commonly accepted and must be considered well established. We
may now postulate protoplasmic proteins as substances of catalytic
nature.
In the case of myosin, that protein which makes up such an
important portion of the muscle tissue, we saw that it was not possible
to attribute to it merely the role of a passive substrate subjected to
chemical reactions. Myosin was found to take an active part in
muscle chemistry, to be the catalyst of an important biochemical
reaction.
In addition to our own results mentioned abcve, we may cite a
number of results from the literature of the past few years. There
is sufficient evidence that in many cases the amount of one or another
enzyme is by no means insignificantly small, and may markedly
exceed the amount of many substances well known to us, such as
phosphates, cholesterin, or extraction products. The content of
many enzymes in cells, it is found, is to be measured in tenths of a
per cent, it often reaches one or more per cent, and in some cases it
even constitutes 10 or more per cent of the cell. Relevant data are
recorded in the following table.
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CATALYTICALLY ACTIVE PROTEINS
Activity
Content in % Moles ofsubstrate
Proteins Author calculated on Molesof enzyme x min.
Urease Sumner 0.12 dry weight (beans)
Flavin-enzyme Warburg 1.0 dry weight (liver)
(liver) (total)
flavoprotein
Aldehydoxidase Green 550
Diaphorase Straub 7,000(?)
Triosophosphate- Warburg 0.25 dry weight (yeast) 20,000
dehydrase
(yeast)
Lacticodehydrase Straub 2.00 water-soluble 3,000(?)
proteins (muscle)
Carboxylase Green (2.0)(?) dry weight 850
(yeast)
Aldolase Herbert, Water-soluble 5.0 (muscle) 6,600-8,800
Green
Crystalline Engelhardt, 1,000
"myogen" Smirnov, &
Sakov
Pepsinogen Herriot 10 dry weight (gland tissue) 1,020
Myosin Engelhardt 40 all muscle proteins 200-2,000
Ljubimova
Hemoglobin 90 dry weight (erythrocyte) 6,000
We see that urease, the first enzyme produced in crystalline
form, makes up 0.12 per cent of the dry weight of the bean, accord-
ing to Sumner. Considering the fact that the bean is to a large
extent made up of inert reserve food materials, we realize that the
urease constitutes several tenths per cent (approaching one per cent)
of the active protoplasm. This quantity is not insignificantly small;
it is readily measurable.
In liver the group of respiratory enzymes that are derivatives
of vitamin B2, the so-called flavin enzymes calculated on the flavin
content, make up about 1 per cent of the dry substance, that is to say,
a hundredth part of the solid substance of the liver is composed of
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The important enzyme of gaseous exchange-carbonic anhy-
drase, which controls the discharge of CO2 from H2CO3 in the
lungs-is, according to Keilin and Mann,'1 present in the erythro-
cytes to the extent of 0.21 per cent of the fresh weight of the cells,
that is, about 0.5 per cent of the dry weight. If we consider that
90 per cent of the dry weight of the erythrocyte is hemoglobin, then
carbonic anhydrase makes up 5 per cent of all the other solids of the
red blood corpuscle.
According to Warburg, the content of oxidoreductase, which
takes part in the formation of alcohol and is one of the most impor-
tant enzymes of fermentation, reaches 0.25 per cent of the dry
weight of yeast.
The analogous enzyme of muscle metabolism-lactodehydrase,
recently isolated in crystalline form by Straub,-makes up 2 per cent
of the total quantity of the water-soluble proteins of the muscle,
that is to say, one-fiftieth is lactodehydrase.
Carboxylase, another of the most important enzymes of the fer-
mentation system, which has lately been purified by Green, composes
somethinglike 2 per cent of the dry weight of yeast.
Aldolase, which we identify with our crystalline preparations of
myogen, composes about 4 or 5 per cent of the total water-soluble
proteins of muscle, according to Herbert, Green, and collaborators.
This is certainly not an insignificantly small quantity.
Still more remarkable are the results obtained with digestive
enzymes. According to Herriot, collaborator of Northrop, the pep-
sinogen content of the mucous layer of the stomach of a pig is about
one gram. Of this quantity 90 per cent, i.e., 0.9 grams is contained
in the mucous coat of the fundal part of the stomach, which part
composes one-third of the surface area of the stomach. The dry
weight of this third is in the best of cases several tenths of a gram;
moreover it undoubtedly contains much connective tissue. There-
fore the pepsinogen content is several per cent of the dry weight of
the tissue. If it were possible to calculate the pepsinogen content
of the glandular cells themselves, we would undoubtedly find that
it makes up a highly significant portion of the plasmatic proteins of
these cells. Probably in these cells, specialized for the elaboration
of the given enzyme, the amount of enzyme in the plasma of the cell
reaches ten, or even several tens, per cent of the dry weight.
Finally, we shall cite an example which may require some stretch
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of the imagination, but which is in our opinion fully permissible and
appropriate-hemoglobin.
The physiological function of hemoglobin is a typically catalytic
one. At the same time the content of this catalytically active pro-
tein in the erythrocyte is 90 per cent of the dry weight of the cell.
We have become accustomed to this fact-that the content of the
catalytic protein in the cell is so high-and it no longer surprises us.
On the basis of these examples it no longer seems completely
improbable or untruthful to assume that, inasmuch as the content of
catalytic proteins in the highly specialized glandular cell or in the
red blood cell can make up a large bulk of the whole of the living
material, the protein myosin found in the less specialized muscle cell
is endowed with catalytic properties.
Accordingly, it is permissible to conclude that it is possible, and
even probable, that the main mass of the livingprotoplasmic proteins
is none other than proteins endowed with one or another catalytic
(enzymatic) property. In the light of this concept, protoplasm
must not be considered as a mass of undifferentiated protein which
serves as the intermediary or substrate of biochemical processes, and
which contains minute quantities of enzymes; it is more correctly
described as a conglomerate of catalytically active proteins which
promote the chemistry ofthe whole ofthe metabolism of the cell.
Na-fturally, if each of the enzymes composes such a significant
amount-one or more per cent-of the mass of the protoplasm, the
question arises as to whether all of the enzymes necessary to the cell
can be contained in the 100 per cent of the protoplasmic proteins?
The first answer tosuch a question is that the figures given above
refer in the majority of cases (except perhaps for urease) to enzymes
or catalytic proteins which are the basis of processes and functions
whose fulfillment is the predominant activity of the cell or tissue in
question.
Muscles are entirely specialized for a contractile function. It
is, therefore, not surprising to find that the enzyme which lies at
the basis of this function composes a predominant part of the proto-
plasmic protein of the muscle. In the same way the erythrocyte is
completely specialized for the transfer of oxygen. We are not sur-
prised that practically the entire substance of the red blood cell is
nothing more than a protein adapted for this specialized function.
The processes of specialized predominant metabolism completely
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overshadow quantitatively those other metabolic processes whose
measurement is required for statistical purposes: elementary proc-
esses of cell nutrition, growth, etc. The speed of reaction of these
latter processes is immeasurably slow, and the quantities involved
are extremely small as compared with the processes of functional
specialization of metabolism. It is obvious that in order to assure
these slowly occurring reactions, it suffices to have present quite
insignificant quantities of the corresponding enzymes. And it will
not be surprising to find many of these enzymes in very small,
almost insignificant, quantities in the cell.
A second point that arises in regard to the possible lack of suffi-
cient proteins to assure all the catalytic requirements of the cell is
the assumption that there is a possible polyvalence of the proteins
in a catalytic sense, i.e., that possibly a single protein may discharge
different catalytic functions as the result of different specific group-
ings in its structure. As A. E. Braunstein has well said, we shall be
dealing with the plurality of the catalytic functions of proteins.
Some data have already been collected to substantiate this theory.
We know that hemoglobin has at least two, and probably three,
catalytic functions. Aside from the extremely powerful catalytic
function in the transfer of oxygen, it also has the properties of
peroxidase-admittedly weak, yet wholly perceptible. Apparently
it also has the very weak but existing characteristics of catalase.
K. G. Stern,18 in his work on oxidative enzymes, presents the
following interesting idea. There mayexist in the cell large protein
molecules or micelles with a molecular weight of the order of
millions, which contain on their surface a network of catalytically
active groups, oriented in such a way that they assure a smooth flow
of complicated enzymatic processes such as cell respiration.
In one of his papers Euler8 says that if we have hitherto failed
to discover reproducible and well-defined substances with multiple
enzymatic properties, this is caused principally by the fact that not
only have we failed to look for them, but we have, on the contrary,
tried to escape them in order to find unity of function. Perhaps the
time has come, says Euler, to direct our effort to the search for such
substances with several enzyme functions. We may hope that such
investigations will lead to the discovery of such entities as are the
building-stones of living protein, of viruses, or of protoplasm.
Two interesting problems now confront the investigator: First,
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to try to obtain a sufficiently large number of well-defined cell or
tissue proteins in a form approaching chemical purity. Second, to
examine the products obtained with regard to as many as possible of
their enzymic functions.
Investigators have already embarked upon these problems.
Dounce and Sumner2 have already obtained a crystalline protein of
globulin nature from liver. Keilin and Mann"' obtained cupro-
proteids such as hemocuprein and hepatocuprein. Kuhn12 obtained
ferritin, a crystalline iron-containing protein. In all these cases the
authors proceeded in the same manner as we did when we obtained
crystalline myogen according to Baranowski's process: they examined
their products for enzymatic properties. It is true that the results
obtained up to the present have been negative, but this should not
be discouraging, because the scope and character of the enzyme
actions examined can not be considered as sufficiently comprehensive.
Perhaps such a proposal may appear too vague, but there exist
many well-founded reasons for believing that it is highly improbable
that it will be possible to obtain proteins of a completely inert nature
devoid of catalytic properties from the living and active plasma of
the cell. We have the right to assume that the living protein of the
plasma is prinarily a catalytically active protein, a protein with the
properties of an enzyme.
REFERENCES
1 Corran, H. S., Green, D. E., and Straub, F. B.: Biochem. J., 1939, 33, 793.
2 Dounce, A., and Sumner, J. B.: J. Biol. Chem., 1938, 124, 415.
3 Edsall, J. T., and Mehl, S. W.: J. Biol. Chem., 1940, 133, 409.
4 Engelhardt, W. A., Ljubimova, M. N., and Meitina, R. A.: Trans. Acad. Sci.
U.S.S.R., 1941 (in press).
5 Engelhardt, W. A., Smirnov, M., and Sakov, N. E.: 1941, Unpublished.
6 Euler, H.: Ergebn. Vitamin u. Hormonforsch., 1938, 1, 159.
7 Green, D. E., Gordon, A. H., and Subrahmanyan, V.: Biochem. J., 1940, 34,
764.
8 Green, D. E., Herbert, D. H., and Subrahmanyan, V.: J. Biol. Chem., 1940,
135, 795.
9 Herbert, D. H., Gordon, A. H., Subrahmanyan, V., and Green, D. E.:
Biochem. J., 1940, 34, 1108.
10 Herriot, R.: J. Gen. Physiol., 1938, 21, 501.
11 Keilin, D., and Mann, T.: Biochem. J., 1940, 34, 1163.
12 Kuhn, R.: Ber. deutsch. chem. Ges., 1940, 73, 823.
13 Ljubimova, M. N., and Engelhardt, W. A.: Biochimia, 1939, 4, 716; Nature,
144, 668.38 YALE JOURNAL OF BIOLOGY AND MEDICINE
14 Mann, T., and Keilin, D.: Proc. Roy. Soc., B., 1938, 125, 303.
15 Muralt, A., and Edsall, J. T.: J. Biol. Chem., 1930, 99, 315.
16 Stern, K. G.: Ann. N. Y. Acad. Sci., 1939, 39, 147; Cold Spring Harbor
Symposia, 7, 312.
17 Straub, F. B.: Biochem. J., 1939, 33, 787; 1940, 34, 483.
18 Sumner, J. B.: Ergebn. Enzymforsch., 1932, 1, 295.
19 Warburg, O., and Christian, W.: Biochem. Ztschr., 1939, 303, 40.
20 Weber, H. H.: Ergebn. Physiol., 1934, 36, 109.
21 Weber, H. H.: Pfluiger's Arch. f. d. ges. Physiol., 1935, 235, 205.
22 Weber, H. H.: Naturwiss., 1939, 27, 33.
23 Weber, H. H., and Meyer, K.: Biochem. Ztschr., 1933, 266, 137.